Molecular genetic approaches in the model plant Arabidopsis thaliana (ColO) are shedding new light on the role and control of the pathways associated with the mobilization of lipid reserves during oilseed germination and post-germinative growth. Numerous independent studies have reported on the expression of individual genes encoding enzymes from the three major pathways : P-oxidation, the glyoxylate cycle and gluconeogenesis. However, a single comprehensive study of representative genes and enzymes from the different pathways in a single plant species has not been done. Here we present results from Arabidopsis that demonstrate the co-ordinate regulation of gene expression and enzyme activities for the acylCoA oxidase-and 3-ketoacyl-CoA thiolasemediated steps of P-oxidation, the isocitrate lyase and malate synthase steps of the glyoxylate cycle and the phosphoenolpyruvate carboxykinase step of gluconeogenesis. T h e mRNA abundance and enzyme activities increase to a peak at stage 2, 48 h after the onset of seed germination, and decline thereafter either to undetectable levels (for malate synthase and isocitrate lyase) or low basal levels (for the genes of P-oxidation and gluconeogenesis). T h e co-ordinate induction of all these genes at the onset of germination raises the possibility that a global regulatory mechanism operates to induce the expression of genes associated with the mobilization of storage reserves during the heterotrophic growth period.
Introduction
Lipid mobilization during post-germinative growth in oil seeds is a multistep process involving peroxisomal P-oxidation, the glyoxylate cycle and gluconeogenesis (Scheme 1). P-Oxidation involves three families of enzymes, acyl-CoA oxidases (ACXs), multifunctional protein ( M F P , which exhibits 2-trans-enoyl-CoA hydratase, ~-3 -h~-droxyacyl-CoA dehydrogenase, D-3-hydroxyacylCoA epimerase and A",A2-enoyl-CoA isomerase activities) and L-ketoacyl-CoA thiolase (thiolase). Activities or protein levels for these enzymes have been demonstrated in an extensive range of tissues and developmental stages [l-31. An analysis of the almost complete genomic sequence of Arabidopsis reveals that there are at least six genes encoding ACX, four of which have been functionally characterized. AtACXI is a medium-long-chain ACX with a substrate optimum of C,, ,,-CoA and A t A C X Z has a substrate optimum of C, , , . A short-chain (C, ,,) ACX, which we refer to as A C X J [S] and more recently a fourth ACX, A t A C X . 3 , with a substrate optimum of C,,, ,,-CoA to C,, ,-CoA have also been characterized [6, 7] .
T w o genes encoding M F P have been characterized in Arabidopsis: MFP2 is strongly expressed during germination [8] T h e objective of the present work was to establish the temporal expression of the key genes and enzymes of the major pathways of lipid mobilization in Arabidopsis. The effect of sucrose on germination and related gene expression has also been investigated because previous reports have implicated carbohydrates in the regulation of glyoxylate cycle gene expression [18-201.
Results

Stages of development
Arabidopsis seeds germinate and establish at different rates depending on the growth conditions. T o standardize gene expression and enzyme activity results between experiments, it is important to define specific stages of development. In the present work, seedlings were grown at 20 O C under continuous white light at 70 pE/m2.
Stages of development were defined every 24 h of growth; these are shown in Figure 1 (A) .
Effect of sucrose
The addition of low concentrations of sucrose (20 mM) to germinating seeds causes a slight delay Scheme I Schematic representation of the pathways involved in storage lipid mobilization in oilseeds
Step I, ACX; step 2, multifuctional protein: step 3, thiolase; step 4, MS; step 5, ICL; step 6, PEPck. Furthermore, the relative abundances of the mRNA transcripts matched with the relative levels of the enzyme activities. Of the j3-oxidation genes, thiolase exhibited the highest level of both mRNA transcript and enzyme activity, whereas the A C X l , A C X 2 and ACX4 genes all showed both lower mRNA transcript levels and enzyme activities.
Discussion
Comparing mRNA with enzyme levels
Although delayed by 12-24 h, the temporal expression pattern of the /3-oxidation, glyoxylate cycle and gluconeogenic genes is reflected in the pattern of enzyme activity. T h e profile of mRNA expression seen here also correlates with the period of lipid mobilization during germination and post- show similar correlations between gene expression and enzyme activity for the glyoxylate cycle genes ICL and M S and concluded that the rapid increase in enzyme activity is regulated primarily at the level of transcription. T h e correlation between level of mRNA transcript and enzyme activity for all these lipid-mobilizing genes is further evidence that they are regulated at the level of transcription. 
Existing evidence for transcriptional control
Role of the glyoxylate cycle
Both the mRNA levels and enzyme activities of the glyoxylate cycle genes M S and ICL are undetectable by stage 4, whereas the P-oxidation and gluconeogenesis genes are maintained at low levels after stage 4. This indicates that P-oxidation and gluconeogensis have additional roles in young seedlings, whereas involvement in storage lipid mobilization is the sole role of the glyoxylate cycle during this period of development.
Levels of thiolase and ACX activity
T h e thiolase activity reported here is consistent with previous studies for castor bean endosperm T h e low C,, , , ACX activity relative to the medium-chain and short-chain ACX and thiolase activities suggest that C,, ACX might be the limiting step in fatty acid &oxidation during germination and post-germinative growth in
Arabidopsis.
In conclusion, during storage lipid breakdown in Arabidopsis oilseeds, gene expression and enzyme activity are tightly co-ordinated both within and between the major pathways of poxidation, the glyoxylate cycle and gluconeogenesis. Existing evidence suggests that this regulation is mainly transcriptional and might occur by a global regulatory mechanism. 
